Aspergillus comprises a diverse group of species based on morphological, physiological and phylogenetic characters, which significantly impact biotechnology, food production, indoor environments and human health. Aspergillus was traditionally associated with nine teleomorph genera, but phylogenetic data suggest that together with genera such as Polypaecilum, Phialosimplex, Dichotomomyces and Cristaspora, Aspergillus forms a monophyletic clade closely related to Penicillium. Changes in the International Code of Nomenclature for algae, fungi and plants resulted in the move to one name per species, meaning that a decision had to be made whether to keep Aspergillus as one big genus or to split it into several smaller genera. The International Commission of Penicillium and Aspergillus decided to keep Aspergillus instead of using smaller genera. In this paper, we present the arguments for this decision. We introduce new combinations for accepted species presently lacking an Aspergillus name and provide an updated accepted species list for the genus, now containing 339 species. To add to the scientific value of the list, we include information about living ex-type culture collection numbers and GenBank accession numbers for available representative ITS, calmodulin, β-tubulin and RPB2 sequences. In addition, we recommend a standard working technique for Aspergillus and propose calmodulin as a secondary identification marker.
INTRODUCTION
Aspergillus is a diverse genus with high economic and social impact. Species occur worldwide in various habitats and they are known to spoil food, produce mycotoxins and are frequently reported as human and animal pathogens. Furthermore, many species are used in biotechnology for the production of various metabolites such as antibiotics, organic acids, medicines or enzymes, or as agents in many food fermentations. The classification and identification of Aspergillus has been based on phenotypic characters but in the last decades was strongly influenced by molecular and chemotaxonomic characterisation. Micheli (1729) introduced the name Aspergillus, with Haller (1768) validating the genus and Fries (1832) sanctioning the generic name. Aspergillus glaucus (L.) Link [= Mucor glaucus L. ≡ Monilia glauca (L.) Pers.] is the generic type. In total, nine teleomorph genera were traditionally linked to Aspergillus anamorphs (Pitt et al. 2000) , one of these being and Udagawa & Uchiyama (2002) . Thom & Raper (1945) and published major monographic treatments on the genus Aspergillus and respectively accepted 89 and 150 species. They also disregarded teleomorphic names, contrary to the prevailing nomenclatural code, using only the name Aspergillus. The List of "Names in Current Use" (NCU) for the family Trichocomaceae (Pitt & Samson 1993) accepted 185 anamorphic Aspergillus names and 72 associated teleomorphic names. Pitt et al. (2000) updated this list, accepting 184 Aspergillus and 70 associated teleomorphic names. Both lists were mainly based on the morphological species concept current at that time. However, the move towards a polyphasic species concept incorporating morphology, extrolite data and most importantly phylogenetic data, meant that this list quickly became out-dated. This is not only because new species were described since the late 1990's, but was also a reflection that many species previously considered synonyms based on morphology were shown to be phylogenetically distinct. Old names were thus often re-introduced as accepted, distinct species. As such, we consider updating the list of accepted species to be crucial for the taxonomic and nomenclatural stability of Aspergillus.
The infrageneric classification of the genus Aspergillus is traditionally based on morphological characters. divided the genus in 18 groups. The classification into groups does not have any nomenclatural status and therefore Gams et al. (1985) introduced names of subgenera and sections in Aspergillus. The phenotype based classification of subgenera and sections largely correspond with the current published phylogenies. Peterson (2008) accepted five subgenera and 16 sections in Aspergillus. Houbraken et al. (2014) and Hubka et al. (2014) currently proposed four subgenera (Aspergillus, Circumdati, Fumigati and Nidulantes) and 20 sections. Phylogenetic studies (Berbee et al. 1995 , Ogawa et al. 1997 , Tamura et al. 2000 , Geiser et al. 2008 , Peterson 2008 , Houbraken & Samson 2011 shed light on the relationships between Aspergillus species, but left questions regarding the generic concept unsolved. Because of the new single name nomenclature for fungi (McNeill et al. 2012) , it is important to define the phylogenetic relationships of species in Aspergillus and closely related genera. Morphological identification of Aspergillus mostly follows the protocols of , Klich (2002) , Pitt & Hocking (2009) and Samson et al. (2010) . Molecular tools, especially phylogenetic species recognition, are increasingly being used with the internal transcribed spacers of the nrDNA (ITS) now accepted as the official DNA barcode for fungi (Schoch et al. 2012) . However, this locus is insufficient for correctly identifying all Aspergillus species and thus a secondary identification marker is needed. In this paper, we discuss different approaches for species identification in Aspergillus. We make recommendations for identifying and characterising Aspergillus species and recommend DNA markers for reliable species identification.
MONOPHYLY OF ASPERGILLUS
Aspergillus has been the subject of a large number of taxonomic studies using DNA sequence data. Many of these studies focused on specific groups (species, sections, subgenera) within Aspergillus and the number of phylogenetic studies at the genus level and above are limited. The first studies on the phylogeny of Aspergillus and related genera often used a limited number of strains and phylogenetic markers. Using a dataset of 17 strains, Berbee et al. (1995) studied the possible monophyly of Penicillium using ITS and 18S rDNA sequences. In this study, Eupenicillium javanicum (= Penicillium javanicum), Monascus purpureus, Neosartorya fischeri (= A. fischeri), Eurotium rubrum (= A. ruber) and A. fumigatus form a well-supported clade (98 % bootstrap value, bs) indicating the close relationship among these species. Furthermore, A. ruber, A. fumigatus and A. fischeri were placed together on a branch with moderate statistical support (77 % bs), indicating that Aspergillus is monophyletic. Similar results were found by Ogawa et al. (1997) ; in their phylogeny based on 18S rDNA data, E. rubrum, N. fischeri and A. fumigatus also formed a well-supported clade (99 % bs), distinct from Penicillium and Monascus. Tamura et al. (2000) determined the relationships within Aspergillus using 18S rDNA. Using a larger sample size, data indicate that Aspergillus is monophyletic, but the overall resolution was limited.
Peterson (2008) studied the phylogenetic relationships within Aspergillus. A phylogeny based on 5.8S rDNA, 28S rDNA and the RPB2 sequences resolved Aspergillus into three main clades, but the relationship among these clades was not statistically supported. These clades roughly corresponded with the subgenera of Aspergillus, with one clade including the subgenera Circumdati and Fumigati, one representing subgenus Nidulantes and another containing members of subgenus Aspergillus. Similar results were obtained by Geiser et al. (2008) , although they focused on Aspergillus below genus level. Using a 10-gene phylogeny, Aspergillus could be split in three main clades: subgenera Circumdati, Fumigati and Nidulantes. No strains belonging to subgenus Aspergillus were included in this study. The study of Peterson (2008) further showed that a clade comprising Monascus and Hamigera species was basal to Aspergillus (0.98 posterior probability, pp) and formed a polytomy with clades containing Penicillium and Sclerocleista species (1.00 pp).
The studies by Samson (2011) and Houbraken et al. (2014) used a four-gene phylogeny (RPB1, RPB2, Tsr1 and Cct8) and were based on similar data sets. Using Maximum Likelihood analysis, both studies resolved Aspergillus and its teleomorphs in a monophyletic clade without statistical support (51 and 57 %). A Bayesian analysis was also performed in the study of Houbraken & Samson (2011) and in this analysis, Aspergillus and its sexual states formed a fully supported lineage (1.00 pp). This data is in agreement with that of Houbraken et al. (2014) , where a 25-gene phylogeny shows the monophyly of Aspergillus and its teleomorphs (100 % bs). In common with the Peterson (2008) and Geiser et al. (2008) studies, the genus could be subdivided into several clades. Three of those clades (subgenera Aspergillus, Nidulantes, Fumigati) were fully supported in the Bayesian analysis (1.00 pp) and the clade representing subgenus Circumdati was moderately supported (0.94 pp). Interestingly, the type species of Dichotomomyces, Polypaecilum and Phialosimplex were related to members of sections Cremei and Aspergillus (64 % bs, 1.00 pp), placing those genera within Aspergillus. This was unexpected, because species of the genera Polypaecilum and Phialosimplex do not produce typical Aspergillus conidiophores. Phialosimplex was introduced rather recently by Sigler et al. (2010) . Species of this genus are closely related in their phylogenies (84 % MP, 18S rDNA; 89 % MP; ITS), and were phylogenetically set apart from Aspergillus and Penicillium, but with low or insignificant support. Based on the data of Houbraken & Samson (2011) , combined with phenotypic and physiological characters, Aspergillus could be divided into six subgenera: Circumdati, Nidulantes, Aspergillus, Fumigati, Polypaecili and Cremei. This was also supported in the study of Houbraken et al. (2014) , where based on a 25-gene phylogeny, Aspergillus and Penicillium resolved in two separate fully supported clades. Furthermore, Aspergillus could be divided into five clades (no representatives of Phialosimplex or Polypaecilum were included in this study).
Subgenera listed above are strongly linked with teleomorph genera. The teleomorph genus Eurotium is linked to subgenus Aspergillus and the genera Petromyces, Neopetromyces and Fennellia belong to subgenus Circumdati. Neocarpenteles, Neosartorya and Dichotomomyces belong to subgenus Fumigati; Chaetosartorya and Cristaspora to subgenus Cremei and Emericella to subgenus Nidulantes. These subgenera also have distinct physiological and phenotypic characters and this data could advocate splitting the genus in six different genera.
Using a subset of sequences generated by Houbraken & Samson (2011 ), Pitt & Taylor (2014 re-analysed the phylogenetic relationships of Aspergillus and closely related genera. In their analysis, only members of the Aspergillaceae were included and Bayesian and ML analyses were performed. In the Bayesian analysis, the deeper nodes were generally well-supported; in contrast, the support for these nodes in the ML analysis was poor. Below the genus level, Pitt & Taylor (2014) found that Penicillium is a sister clade of Nidulantes, rendering Aspergillus a paraphyletic genus. Based on this and other data (phenotype, physiology) they advocated splitting Aspergillus into several genera in part to maintain the monophyly of, and the use of the name Penicillium. Pitt & Taylor (2014) speculated that the difference between their analysis and that of Houbraken & Samson (2011) was an improved alignment obtained by omitting more distantly related taxa. This seems unlikely, because the genes sampled consisted of exon sequence only, which results in alignments with almost no gaps. The reason for the inconsistencies among these studies remains unknown.
The deep, basal branches are often short and weakly supported in most studies dealing with the phylogeny of Aspergillus and related genera (Houbraken & Samson 2011 , Pitt & Taylor 2014 . Room exists for argument about the exact relationships among Penicillium, Aspergillus and related genera. Although based on a limited number of species, the phylogeny of Houbraken et al. (2014) confidently shows the monophyly of Aspergillus. An increase of sample size and the analysis of more loci will lead to increased statistical support of the deeper nodes. Based on the recent 25-gene phylogeny, Penicillium and Aspergillus are divided in two distinct wellsupported genera, suggesting the monophyly of both genera . In the near future, genome sequence data will become available and analysis of this data will probably result in well-supported phylogenies.
THE ASPERGILLUS CONIDIOPHORE
As mentioned above, Houbraken & Samson (2011) demonstrated that the type species of Polypaecilum and Phialosimplex were related to members of sections Cremei and Aspergillus, phylogenetically placing those genera within the classical concept of Aspergillus. This was unexpected, because species of Polypaecilum and Phialosimplex do not produce a typical Aspergillus conidiophore. Pitt & Hocking (1985) suggested that, "simultaneously produced phialides and a foot cell are absolute characters for assigning a species to the Aspergillus genus". However, based on phylogenetic analyses, the production of an aspergillum-like conidial head does not guarantee that a given species belongs to Aspergillus. For example, "Aspergillus paradoxus", "A. malodoratus" and "A. crystallinus" produce conidial heads with a terminal vesicle reminiscent of Aspergillus, yet belong to Penicillium subgenus Penicillium (Houbraken & Samson 2011 , Visagie et al. 2014a , 2014b . On the other hand, species lacking typical Aspergillus-like asexual structures are nested within the Aspergillus clade (Houbraken & Samson 2011 ). An example is Penicillium inflatum (Stolk & Malla 1971) , which produces Penicillium-like conidial heads, although it belongs to Aspergillus section Cremei. Recent multilocus phylogenetic studies also clarified that genera with conidial heads that are dramatically different from a typical aspergillum, such as Dichotomomyces (Saito 1949 , Scott 1970 , Phialosimplex , Polypaecilum (Smith 1961) and Cristaspora (Fort & Guarro 1984) are nested within the broadly defined, monophyletic Aspergillus clade (Varga et al. 2007a , Peterson 2008 , Houbraken & Samson 2011 . Moreover, there are some Aspergillus species that do not produce asexual structures, which makes it difficult to assign them to a genus usually recognised by asexual morphological characters. An example is A. monodii (syn. Fennellia monodii; Locquin-Linard 1990), which is assigned to Aspergillus section Usti based on a polyphasic taxonomic approach . Repeated attempts were made to induce conidiogenesis in this species, without success. Additionally, several genera have conidial heads resembling vesiculate Aspergillus conidiophores and/or with branching similar to Penicillium, including Paecilomyces (Samson et al. Previous studies on the genetics and molecular biology of conidiogenesis in A. nidulans and other aspergilli provide another proof that the production of an aspergillum is neither sufficient nor a prerequisite to assign a species to Aspergillus, because mutations in the developmental pathway lead to the formation of conidium-bearing structures not resembling an aspergillum. Aspergillus nidulans is a model fungus for the examination of the genetics and molecular biology of conidiophore development (Clutterbuck 1969 , Miller 1993 , Adams et al. 1998 . Several genes take part in this process (for details, see Adams et al. 1998 , Harris 2012 and conidiogenesis is under complex genetic control. In A. nidulans, FluG (associated with the production of a small diffusible molecule) and FlbA (regulator of G-protein signalling) are upstream activators of conidiation (Adams et al. 1998) . Several additional downstream transcription factors (FlbB, FlbC, FlbD, FlbE) are required for transcriptional activation of the key component of the pathway, the transcription factor BrlA. This factor activates the transcription factors AbaA and WetA in the pathway that includes multiple feedback loops and is regulated by additional modifiers (e.g. MedA and StuA; Adams et al. 1998 , Harris 2012 . Most components of the pathway are conserved in other Aspergillus and Penicillium species, suggesting that this regulatory network has been conserved within the Aspergillaceae (Borneman et al. 2000 , Yu et al. 2006 , Ogawa et al. 2010 , Yu 2010 , Sigl et al. 2011 . Mutations in these genes can lead to dramatic changes in the morphology of the conidial head (Harris 2012) . A mutation in a tyrosine kinase gene (AnkA) or the cyclin-dependent cyclase nimX leads to the appearance of septa in the stalk, absence of a terminal vesicle, and the failure to produce proper metulae and phialides because of a failure to undergo the transition from "hyphal-like" to "yeast-like" growth (Ye et al. 1997 , 1999 , Harris 2012 . Mutations in the RgaA locus PHYLOGENY, IDENTIFICATION AND NOMENCLATURE OF ASPERGILLUS www.studiesinmycology.org (homologue of the yeast GTPase-activating protein Rga1) lead to abnormal conidiophores that do not possess a terminal vesicle and form metulae that resemble hyphae (Harris 2012) . Other mutations can also lead to the transition of Aspergillus-like conidial heads to Penicillium-like heads, including deletion mutants of nimX (Harris 2012) or a Pcl-like cyclin (Schier et al. 2001) , and other mutants described in the literature like the Abnc and V103 mutants of A. nidulans (Giancoli & Pizzinari-Kleiner 2004 , Giancoli et al. 2010 .
Apart from the typical aspergillum, several Aspergillus species produce other types of conidium-bearing structures. Several A. versicolor and A. sydowii isolates consistently produce diminutive conidial heads, which resemble penicillate (Penicillium-like) conidiophores (Deak et al. 2009 (Deak et al. , 2011 , A. flavipes, A. niveus (Pore & Larsh 1968 ) and A. alabamensis (Burrough et al. 2012) isolates frequently produce accessory conidia in addition to the typical conidial heads.
We suggest that the conidium-bearing apparatus of species of Dichotomomyces, Phialosimplex and the type species of Polypaecilum ( Fig. 1) , which form part of the monophyletic Aspergillus clade, evolved from Aspergillus-like conidial heads by mutations in the regulatory genes. Harris (2012) proposed that the Aspergillus-like conidial head might have evolved from a penicillus producing ancestor. Moreover, the observations that mutations in several genes taking part in the control of conidiogenesis can lead to the transition of an aspergillum to structures resembling a penicillus, indicate that the aspergillum is more ancient than a penicillus. Full genome sequencing of these isolates would enable studies aimed at determining the molecular basis for these differences, and would help to understand the evolution of conidiophore development in the Aspergillaceae.
In conclusion, the production of Aspergillus-or Penicillium-like conidial heads is essential for assigning a species to a given genus. The polythetic morphological definition of both Aspergillus and Penicillium adopted in this paper acknowledges that while certain conidiophore patterns are typical of 90 % or more of the included species, other patterns may occur in a minority of species. Recent data indicate that a polyphasic approach should be used for species assignment including sequence-based identification ).
NOMENCLATURE OF ASPERGILLUS AND ITS SEXUAL MORPHS
Recently, a proposal to dramatically revise article 59 of the former botanical code was accepted by the 2011 International Botanical Congress Nomenclature Section at Melbourne and the principle of "one fungus : one name" was established (Norvell 2011 , McNeill et al. 2012 ). These new nomenclatural rules have large implications for Aspergillus and several options were considered by a meeting of the International Commission of Penicillium and Aspergillus (ICPA) in April 2012. In this paper, we review the arguments leading to our decision to maintain the prevailing, broad concept of Aspergillus, with the modifications included in the diagnosis below.
One option is to split Aspergillus into several clades and use the oldest genus name associated with the resulting genera, such as Neosartorya, Emericella, Petromyces, etc. The type species of Aspergillus is A. glaucus (section Aspergillus). This would mean that the name Eurotium would be lost and the genus name Aspergillus would be applied only to this clade. Species in other clades, such as in section Fumigati would be renamed as Neosartorya, subgenus Nidulantes as Emericella and subgenus Circumdati as Petromyces, although there may be older anamorph generic names for each clade (cf. Seifert et al. 2011) . Pitt & Taylor (2014) argued for using Aspergillus, in place of Petromyces for subgenus Circumdati because no more than five of the many currently accepted species possess a known sexual state in Petromyces, while several of these commonly occurring species, such as A. niger, A. ochraceus and A. flavus, are economically important. These arguments are debatable because the same argument could be used for section Fumigati where the medical community could have problems accepting the Neosartorya name.
Option two follows from the first option to split Aspergillus into several genera with different (teleomorph) names, and conserve Aspergillus with another type species (e.g. A. fumigatus or A. niger). If A. niger were chosen, the genus name Aspergillus could be used for e.g. A. niger, A. flavus, A. oryzae, while Emericella, Neosartorya and Eurotium would then be used for species in sections Versicolores, Fumigati and Aspergillus (Emericella for E. nidulans and A. versicolor, Neosartorya for A. fumigatus and A. clavatus, and Eurotium for E. herbariorum and A. penicillioides). The selection of a type other than A. glaucus would provoke debate, because the choice would depend on the economic phenomenon of interest, e.g. A. fumigatus for medical mycology, A. flavus for food and mycotoxin related research or A. nidulans because of its use as a genetic model. The proposal to select a type other than A. glaucus would have to be prepared for the Nomenclatural Committee for the 2017 International Botanical Congress without the support of the International Commission of Penicillium and Aspergillus (ICPA). It would cause further instability and nomenclatural confusion.
Option three is to keep the name Aspergillus and treat other (teleomorph) names to indicate structures with biological significance, but always together with the Aspergillus name. e.g. Aspergillus glaucus with eurotium-type ascomata, or Aspergillus fischeri (neosartorya-type fruiting bodies). This option was chosen by ICPA on April 11, 2012 (http://www.aspergilluspenicillium. org/images/PDF/minutes.pdf). The consequence of this choice is that the majority of Aspergillus names, including their teleomorphs will keep their Aspergillus name, contributing to nomenclatural stability. The option to treat Aspergillus as one genus is strongly supported by the results of phylogenetic analyses that the genus is monophyletic with minor modifications to the classical concept needed. As discussed above, the small genera Dichotomomyces, Polypaecilum and Phialosimplex should be considered synonyms of Aspergillus.
The consequence of the single-name system is that teleomorph-based genera, such as Neosartorya, Emericella, Eurotium, and Petromyces, are synonymised with Aspergillus. This nomenclature is already being adopted in the recently published 
RECOMMENDED METHODS FOR THE IDENTIFICATION AND CHARACTERISATION OF ASPERGILLUS

Morphological species recognition
Morphological characters
Morphology forms an important part of the species concept of Aspergillus. Colony characters used for characterising species include colony growth rates, texture, degree of sporulation, production of sclerotia or cleistothecia, colours of mycelia, sporulation, soluble pigments, exudates, colony reverses, sclerotia, Hülle-cells and cleistothecia. Both sexual and asexual reproduction occurs in Aspergillus and the microscopic features of these structures are important. Diagnostic conidiophore characters include the shape of conidial heads, the presence or absence of metulae between vesicle and phialides (i.e. uniseriate or biseriate), colour of stipes, and the dimension, shape and texture of stipes, vesicles, metulae (when present), phialides, conidia and Hülle-cells (when present). The same applies for cleistothecia, asci and ascospores. For cleistothecia, the development of ascomata and the way their walls are produced is also an important character. Ascospore sizes and morphology, particularly the often diagnostic ornamentation (roughening, rims, wings, furrows, etc.) are important for identifying species. Media, inoculation technique and incubation conditions affect morphological characters (Okuda 1994 , Okuda et al. 2000 . We recommend the following standardised method for laboratories working with Aspergillus (summarised in Fig. 2 ).
Inoculations
Inoculations are made from spore suspensions prepared in a 30 % glycerol SS-buffer (0.5 g/l agar, 0.5 g/l Tween 80) solution, which can be stored at −80 C. Alternatively, spore suspensions can be made in a 0.2 % agar and 0.05 % Tween 80 solution, and stored at 4 C. Plates are inoculated in three-point pattern using a micropipette and inoculum size of 0.5-1 μl per spot.
Medium preparation
For media preparation, we recommend using 90 mm Petri dishes with 20 ml medium per plate (Okuda 1994 , Okuda et al. 2000 . Glass Petri dishes were used traditionally, but vented or unvented polystyrene dishes have mostly replaced these. Vented Petri dishes allows for more oxygen transfer and thus more typical conidiophore morphology than unvented dishes. However, not all institutions use vented dishes. Media recommended as standard for Aspergillus include Czapek Yeast Autolysate agar (CYA) and Malt Extract agar (MEA, Oxoid). Although we propose the use of Oxoid MEA, many laboratories use Difco. It is thus important to mention in descriptions which brand of malt extract is used. In addition, two different MEA formulations are used in recent descriptions. Blakeslee's (1915) MEA is traditionally used because it was a standard used by , but CBS uses a differently formulated MEA (summarised in Table 1 ) from which a large number of species has been described recently. It is thus important to also note this formulation in species descriptions. To observe a wider range of characters it is useful to use additional media, including Czapek's agar (CZ), 20 % sucrose CYA (CY20S), 20 % sucrose MEA (MEA20S), Yeast Extract Sucrose agar (YES), Dichloran 18 % Glycerol agar (DG18), Oatmeal agar (OA) and Creatine Sucrose agar (CREA). CZ was used by in their taxonomic treatment and is still widely used today. However, lately CYA has been more widely used. Media such as CY20S, ME20S and DG18 allow for growth of xerophilic Aspergilli, mostly classified in section Aspergillus, and are useful for the full development of diagnostic characters of these species. YES, together with CYA, is required for extrolite profiling of strains discussed below. Sexual reproductive structures are more readily produced on OA and thus can add valuable taxonomic information, even though we are aware that OA is very difficult to standardise across different laboratories. We do suggest, however, that prefabricated OA formulations or precooked oats ("3 minute oats") are unsuitable, and for best results organic uncooked oats should be used. Acid production is often a useful character and this is observed on the purple medium CREA, which turns yellow when acid is produced by colonies. For consistent conidial colours, the addition of zinc-sulphate and coppersulphate as trace elements (1 g ZnSO 4 $7H 2 O and 0.5 g CuSO 4 $5H 2 O in 100 ml distilled water) is of utmost importance because these metals vary widely in water sources in different locations and are critical for pigment production. Analytical grade inorganic chemicals are recommended for medium preparations. For optimal colony growth and colour, the type of agar plays also an important role and in some cases strongly influences these phenotypic characters. It is therefore important to test the agar for consistent character development. After extensive comparisons, So-BI-Gel agar (Bie & Berntsen, BBB 100030) is used at CBS. Medium formulations are summarised in Table 1 .
Incubation
Inoculated CYA and MEA plates are incubated reverse side up at 25 C, with additional CYA plates incubated at 30 and 37 C. In section Circumdati, characters on CYA at 33 C have been shown to be taxonomically informative (Yilmaz et al. 2014 , Visagie et al. 2014b , while growth on CYA at 45-50 C is informative for section Fumigati. Plates should be kept in the dark and to allow for sufficient aeration they should not be wrapped with Parafilm (Okuda et al. 2000) . For standard bench top incubators, plates should not be placed in plastic boxes. Many laboratories use walk-in incubators where plates must be incubated in plastic boxes. In these cases, care should be taken to allow for sufficient aeration by, for example, not having too many plates in one box. Incubation times are standardised at seven days, after which colony growth rates and other characters should be recorded. Additional important characters are often observed by incubating cultures for longer periods of time, in particular characters of sclerotia or ascomata. In these cases it should be noted in descriptions. (Frisvad & Thrane 1987 , 1993 , Smedsgaard 1997 , Klitgaard et al. 2014 ) Fig. 2 . Flow diagram summarising recommended methods for the identification and characterisation of Aspergillus. Frisvad & Thrane (1987 , 1993 , Smedsgaard (1997) and Klitgaard et al. (2014) , refer to methods described for detecting extrolites in fungi.
PHYLOGENY, IDENTIFICATION AND NOMENCLATURE OF ASPERGILLUS www.studiesinmycology.org Table 1 . Media used for morphological characterisation.
Czapek stock solution (100 ml) (Pitt 1979) Czapek Yeast Autolysate agar (CYA, Pitt 1979) Czapek concentrate 10 ml 
Microscopy
As a standard, microscopic observations are made from conidiophores produced on MEA after 7-10 d, although other media can also be used when stated in descriptions. OA is good for observing cleistothecia in sexually competent species. Lactic acid (70 %) or Shear's solution works well as a mounting fluid (Samson et al. 2010) . Lactophenol is corrosive and the phenol toxic, and as a result is not recommended as a mountant for slides. Aspergillus conidia are hydrophobic. As such, mounts can be washed with drops of 70 % ethanol to wash away excess conidia and prevent air-bubbles from being trapped. Fine needles can be used to tease apart tufts of conidiophores. For best observation of conidiophore characters, differential interference contrast microscopy (= Nomarski) is suggested when possible; we note that Aspergillus conidiophores are often birefringent, exhibiting colours that are artefacts of polarised light under DIC illumination and not indicative of pigmentation.
Molecular species recognition
Identification markers
The nuc rDNA internal transcribed spacer rDNA region (ITS1-5.8S-ITS2) is the official DNA barcode for fungi (Schoch et al. 2012) , because it is the most frequently sequenced marker in fungi and has primers that work universally. As such, it is good practise to include ITS sequences whenever new species are described, although it sometimes does not contain enough variation for distinguishing among all species (Schoch et al. 2012 ). An ITS phylogeny of Aspergillus is provided as supplementary material (Fig. S1 ) to demonstrate the lack of variation in some clades. As such, a secondary barcode or identification marker usually is needed to identify an Aspergillus culture to species with confidence. The secondary marker, similarly to ITS, should make use of universal primers, be easy to amplify and in contrast to ITS, should distinguish among all species. Another important consideration is the completeness of the current database available for each gene, i.e. how many species have in fact been sequenced. Based on these criteria, there are three realistic options, namely calmodulin (CaM), β-tubulin (BenA) or the RNA polymerase II second largest subunit (RPB2). RPB2 is not easy to amplify, rendering its use as secondary identification marker frustrating. In contrast, BenA is easy to amplify, but has been reported to vary in the number of introns and PCR sometimes results in the amplification of paralogous genes (Peterson 2008 , Hubka & Kolarik 2012 . A similar problem was noted in a strain of A. udagawae (CCF 4477), where available CaM primers amplified a pseudogene and the resulting phylogeny had a very long branch for this strain in the A. udagawae clade (Nov akov a et al. 2013). Otherwise, CaM is easy to amplify, distinguishes among all Aspergilli (except for A. elegans and A. steynii, where ITS distinguishes between them, Visagie et al. 2014b) , as demonstrated in the gene tree included as supplementary material (Fig. S2 ). In addition, the CaM sequence database is almost complete for all accepted species. As such, from a practical point of view, we suggest the use of CaM as a temporary secondary identification marker in Aspergillus. A case study for CaM in the section Nigri is provided below. Primers and thermal cycle protocols commonly used for PCR amplification are summarised in Table 2. A common problem experienced with sequence-based identifications is comparing newly obtained sequences with verified sequence databases. GenBank is a public, archival database, meaning that it accepts all sequences submitted and cannot always verify the taxonomic names attributed to the sequences. This results in BLAST searches that often give hits to misidentified sequences in the database. In a step towards cleaning up misidentified GenBank sequences, the RefSeq initiative was launched (http://www.ncbi.nlm.nih.gov/refseq/), which contains only verified ITS sequences (Schoch et al. 2014) . For Aspergillus, all ex-type sequences were included in the RefSeq database. This should result in a great improvement of species identification based on ITS. However, for alternative genes there is no such database. In an attempt to aid identifications, GenBank accession numbers for CaM sequences of extype species are added to the accepted species list presented below. We have also included representative BenA and RPB2 sequences when they are available. These can be downloaded from GenBank and used for creating a local BLAST file to aid in faster and more accurate identifications.
Case study: calmodulin in section Nigri
Partial calmodulin gene sequences of about 1500 strains of Aspergillus section Nigri, previously amplified and aligned using the software package BioNumerics 5.1 (Applied Maths) with manual adjustments as necessary, were subjected to homology screening using the same software to assemble a reduced data set representative of the entire population of sequenced strains. This reduced panel of 129 DNA sequences, representative for the known diversity among 1438 strains of section Nigri, were aligned by Clustal W (Thompson et al. 1994) using MEGA version 5 (Tamura et al. 2011 ) and analysed to generate phylogenetic trees in MEGA version 5 (Fig. 3) . Both the Neighbor-Joining (NJ) method (Saitou & Nei 1987) and the Maximum Likelihood (ML) method based on the Tamura-Nei model (Tamura & Nei 1993) were used. The analyses confirmed the existence of 25 well defined species clades in section Nigri. The aligned data set was exported to FASTA format for analysis of sequence diversity and polymorphism using the DnaSP v5 software (Librado & Rozas 2009 ). The software generated a haplotype data file that demonstrated the presence of 70 different haplotypes (see below) among the 129 representative strains, with the number of aligned sites in the complete data file being 536, with 188 single-nucleotide polymorphisms (SNPs) detected. An assembly of the 188 SNPs generated as a NEXUS file permitted a comparison of the differences in each haplotype, to identify fixed SNPs for each species of section Nigri. The analysis and comparison of these SNPs led to the identification of the following polymorphic nucleotides conserved at the species level, identified by their relative position in the full 536 bp alignment (included as supplementary material; Fig. S3 ):
SNPs Some combinations of SNPs were identified for a unique and atypical strain of A. aculeatus (ITEM 4760 = CBS 620.78), but we cannot determine whether they are species specific or strain specific, or whether this strain available might represent a yet unidentified, distinct species in the A. aculeatus clade. The haplotype analysis presented shows CaM sequences have fixed SNP's that is unique and specific to species and that the gene is suitable for identifying isolates in the section Nigri.
Extrolite data
Isolates of Aspergillus species usually produce a diverse range of secondary metabolites that are characteristic of the different groups of sections of Aspergillus. For example, isolates of species of Aspergillus section Flavi nearly all produce kojic acid , while species in other sections produce other small acidic molecules, e.g. penicillic acid by most species of Aspergillus section Circumdati . Specific secondary metabolites are often only found in one section of Aspergillus, but some important extrolites, such as ochratoxin A, are produced by species in sections Flavi, Circumdati and Nigri , 2011 . Production of a particular secondary metabolite is thus an efficient identification aid for allocating a species to section, while several identified secondary metabolites can be very effective in identifying an Aspergillus isolate to species. Although polyphasic identification is recommended, secondary metabolite profiles occasionally may be sufficient to identify isolates of Aspergillus to species. A qualitative database on the verified production of secondary metabolites by different species of Aspergillus is required to enable identification of Aspergillus isolates based only on this methodology. Furthermore, growth media and conditions, and analytical procedures must be standardised, but several papers contain recommendations on how to extract, separate and identify secondary metabolites (Nielsen et al. 2011a , Kildgaard et al. 2014 , Klitgaard et al. 2014 . It is important to note that although normal identification media often yield secondary 
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Misidentifications in Aspergillus
It is critical that Aspergillus isolates used for reports of new or interesting extrolites be properly identified. Unfortunately, many strains continue to be misidentified, resulting in chemical data that is linked to an incorrect species name. More seriously, when regulated mycotoxins such as ochratoxin A or aflatoxin are attributed to misidentified species, regulatory officials may include the incorrect names in quarantine legislation, or initiate food-safety recalls based on scientifically inaccurate information. An early example of the misattribution of toxins to a species involved an entomogenous strain of A. flavus that infected pupa of a wax moth, and was reported to produce asperflavin, anhydroasperflavin, the mycophenolic acid precursor 5,6dihydroxy-4-methylphthalide and asperentins (Grove 1972a (Grove ,b, 1973 . The strain was explicitly reported not to produce aflatoxins, and chemical data indicate that the strain was A. pseudoglaucus (formerly Eurotium repens). A recent example is a strain identified as Aspergillus sydowii (PFW1, strain unavailable) that was reported to produce 17 secondary metabolites from different biosynthetic families (Zhang et al. 2008) that are typical of A. fumigatus (Frisvad et al. 2009 ); the culture was probably a typical A. fumigatus strain. Similarly, a fungus identified as A. variecolor (B-17, strain unavailable) produced 23 metabolites (Wang et al. 2007 ) all typical of Aspergillus section Aspergillus. The fungus was reported as halotolerant, and was most probably a species with a Eurotium-like sexual state, but the new metabolites were unfortunately all named after A. variecolor (variecolorins A-L). In some cases, these problems were caused by mixed or contaminated cultures. For example, a series of A. niger extrolites ) were reported from Cladosporium herbarum (Ye et al. 2005) and Pestalotiopsis theae (Ding et al. 2008) . Although the original cultures may have been correctly identified (unfortunately, they were not deposited in a culture collection), these strains were obviously contaminated with black aspergilli, because the metabolites that were structurally elucidated or identified have never been otherwise attributed to any Cladosporium or Pestalotiopsis species. In the latter case involving isolates from tea, the metabolites were named after the Pestalotiopsis (pestalazines and pestalamides), but they are probably just metabolites of A. luchuensis, a species also found on tea (Hong et al. 2013) . Similarly, strains of Chaetomium globosum (Wang et al. 2006) and Microascus tardifaciens (Fujimoto et al. 1999) were reported to produce a series of Aspergillus extrolites typical of species formerly classified in Eurotium, but were probably either misidentified or the cultures were mixed.
Matrix-assisted laser desorption/ionization timeof-flight mass spectrometry fingerprinting (MALDI-TOF MS)
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry fingerprinting (MALDI-TOF MS) is fast becoming an important tool for species identification in the medical field, having been successfully applied to bacteria (Hettick et al. 2006 , Siegrist et al. 2007 ) and yeasts (Amiri-Eliasi & Fenselau 2001 , Kolecka et al. 2013 ). The medical importance of various Aspergillus species causing aspergillosis, most notably A. fumigatus, has led to a few studies testing MALDI-TOF as an identification tool. As with MALDI-TOF experiments on the closely related Penicillium (Welham et al. 2000 , Hettick et al. 2008 , Del Chierico et al. 2012 , Chalupov a et al. 2014 , results seem promising (Bille et al. 2011 , De Carolis et al. 2011 , Iriart et al. 2012 , Verwer et al. 2013 . For example, De Carolis et al.
(2011) showed that MALDI-TOF successfully distinguished between the closely related A. fumigatus and A. lentulus. In all of these studies, wide variation is observed in spectra of different strains of the same species, with Hettick et al. (2008) also reporting variation between duplicates of the same Penicillium strain. However, in most cases, spectra from the same species cluster together, meaning that the database should be expanded to include as many strains as possible to increase identification accuracy.
TAXONOMY
Following the phylogenetic study by Houbraken & Samson (2011) , the type species of Polypaecilum and Phialosimplex were shown to be related to members of sections Cremei and Aspergillus, placing those genera within Aspergillus. Varga et al. (2007a) showed that Dichotomomyces, which also has a Polypaecilum-like asexual state, is closely related to sections Fumigati and Clavati, and proposed the synonymy of this genus with Aspergillus.
The relationship of Penicillium inflatum with other members of the Aspergillaceae was studied by combining the RPB2, Cct8 and Tsr1 data sets (Fig. 4) . Statistical support was measured by Maximum Likelihood (ML) analysis using the RAxML (randomised accelerated maximum likelihood) software (Stamatakis 2014) and by Bayesian tree inference (BI) analysis using MrBayes v3.1.2 (Ronquist & Huelsenbeck 2003) . Prior to the analysis, the most suitable substitution model was determined using MrModeltest 2.3 (Nylander et al. 2004) , utilising the Akaike Information Criterion (AIC). The phylogeny shows that P. inflatum belongs to Aspergillus section Cremei Fig. 4) . This section (the A. cremeus species group of includes species with colonies in shades of yellowish brown to brown or grey green, biseriate conidial heads and long conidiophores. Peterson (1995, 2000) studied section Cremei in detail and transferred several species to this section based on molecular evidence, including A. wentii (from section Wentii), A. dimorphicus (from section Circumdati), A. gorakhpurensis and A. pulvinus (from section Versicolores). Later, Varga et al. (2000) also transferred A. sepultus to this section. Recently, Peterson (2008) found that A. brunneouniseriatus (previously assigned to section Ornati) also belongs to section Cremei, although supported only by low bootstrap values and Bayesian posterior probabilities. The species assigned to this section are economically less important, with the exception of A. wentii, which is a source of enzymes, and frequently included in 'koji' , Lowe 1992 .
When Stolk & Malla (1971) described P. inflatum, they speculated that the swollen apices of its conidiophores and strongly diverging metulae might suggest that the species belongs in Aspergillus. They decided to place it in Penicillium because of the lack of a foot-cell, its thin conidiophore walls and the fact that its metulae did not develop simultaneously. Penicillium inflatum was reported to produce sterigmatocystin (Rank et al. 2011) , confirmed for all strains of P. inflatum in the present study, with three of the strains also producing patulin or its precursor 6methylsalicylic acid. Patulin occurs in species in Aspergillus, Penicillium and Byssochlamys, but sterigmatocystin is restricted to species in four different sections in Aspergillus (Ochraceorosei, Versicolores, Nidulantes and Flavi) and has never been found in Penicillium sensu stricto. Chemotaxonomic evidence thus supports that P. inflatum should be transferred to Aspergillus. Among the species formerly ascribed to Phialosimplex, Polypaecilum and Basipetospora, two of these are halophilic and like other halophilic species do not produce many extrolites (Frisvad 2005) . No traceable extrolites were found in Basipetospora halophila and Polypaecilum pisci. Phialosimplex chlamydosporus did not produce any extrolites under the conditions tested, while Phialosimplex sclerotialis and Polypaecilum insolitum each produced only what appeared to be unique extrolites for those species, preventing any chemotaxonomic comparison with other Aspergillus species. However, Phialosimplex caninus produced asterric acid, erdin and sulochrin, extrolites found in Aspergillus terreus , Penicillium glabrum (as P. frequentans) (Mahmoodian & Stickings, 1964) and P. estinogenum. Houbraken & Samson (2011) found that the type species of Cristaspora, C. arxii, formed a well-supported clade with members of section Cremei (A. pulvinus, A. wentii, A. brunneouniseriatus) and that this clade is more closely related to members of the subgenus Aspergillus than to subgenus Circumdati. The transfer of C. arxii is therefore proposed below. Cristaspora arxii shares the production of rubratoxins together with Aspergillus (Dichotomomyces) cejpii (Varga et al. 2007a) and Talaromyces purpurogenus (Yilmaz et al. 2012) . Rubratoxins are not produced by species of Penicillium.
By including genera and species with morphological structures deviating from the typical aspergillum, the generic concept should be emended to the following polythetic description:
Aspergillus P. Micheli ex Haller, emended description Generic type: Aspergillus glaucus (L.) Link Vegetative mycelium hyaline to brightly pigmented. Conidiophores (aspergillum) consisting of thick-walled basal cells (foot cell) producing stalks, usually aseptate and unbranched, terminating in inflated apex (vesicle) which can be globose, ellipsoidal to clavate; conidiophores in some species may be septate, lack a foot cell, lack a veiscle, or consisting of single conidiogenous cells with one to several loci. Conidiogenous cells phialidic, producing dry conidial chains borne directly on the vesicle (uniseriate) or on metulae (biseriate); in a few species, appearing to be annellidic or polyphialidic. Conidia greatly varing in colour, size, shape and ornamentation. Cleistothecia of various structures produced by some species with mostly a thin ascoma wall consisting of a single layer of hyphal networks, sometimes covered by layers of Hülle cells or sclerotium-like. Asci globose usually containing eight ascospores. Ascospores often lenticular, hyaline or coloured, varying in size, shape and ornamentation. Sclerotia or sclerotium-like structures regularly present in some species, varying in colour, size and shape, consisting of thickwalled cells, sometimes containing ascigerous structures. Hülle cells sometimes covering cleistothecia or occurring in compact masses in the mycelium, varying in shape and size, but mostly thick-walled and hyaline. 
Proposed list of accepted Aspergillus names
The following list includes species accepted in the genus Aspergillus and is updated from Pitt & Samson (1993) and Pitt et al. (2000) . Noticeable changes from the previous lists are the incorporation of Aspergillus names for species previously accepted in the associated teleomorphic genera, as well as species previously classified in Cristaspora, Dichotomomyces, Basipetospora, Phialosimplex and Polypaecilum as well as Penicillium inflatum. The nomenclatural list includes MycoBank numbers, collection numbers of type and ex-type cultures and GenBank accession numbers to ITS barcodes and alternative identification markers BenA, CaM and RPB2. Similar lists are published for Penicillium (Visagie et al. 2014a) and Talaromyces (Yilmaz et al. 2014) .
A considerable amount of time and effort was spent on having the list as complete as possible. However, we acknowledge that there might be some mistakes in this list. As such, we gratefully accept any comments on missing names, errors, new data that has become available, or on methods to make the list more functional. As the taxonomy keeps evolving in fungi, this list will be kept up to date on http://www.aspergilluspenicillium.org from where comments can be sent to curators of the list. The website also lists currently considered synonym names and is not included in the list below.
Aspergillus P. Micheli ex Haller, Hist. Stirp. Helv.: 113. 1768 Samson 1979 , Samson & Seifert 1985 . anamorphic synonym. = Aspergillopsis Speg., Anales Mus. Nac. Hist. Nat. Buenos Aires 20: 434. 1910, fide Raper & Fennell 1965. [MB9176] . anamorphic synonym. = Rhopalocystis Grove, J. Econ. Biol.: 40. 1911 , fide Raper & Fennell 1965 . anamorphic synonym (= Aspergillopsis). = Sartorya Vuill., Compt. Rend. Hebd. S eances Acad. Sci., S er. D184: 136. 1927 , fide Malloch & Cain 1972 , Samson 1979 . teleomorphic synonym (= Neosartorya) = Diplostephanus Langeron, Crypt. Fr. Exs.: 344. 1922, fide Thom & Raper 1945 . teleomorphic synonym. teleomorphic synonym (= Emericella). = Reda€ ellia Cif., Arch. Protistenk. 71: 424. 1930 , fide Alecrim, Ann. Fac. Med. Univ. Recife 18: 81. 1958 . anamorphic synonym. = Cladosarum E. Yuill & J.L. Yuill, Trans. Brit. Mycol. Soc. 22: 199. 1938 , fide Raper & Fennell 1965 . anamorphic synonym. = Royella R.S. Dwivedi, Proc. Indian Sci. Cong. 47.3: 320-321. 1960 , fide Scott 1970 , Varga et al. 2007a . anamorphic synonym (= Dichotomomyces). = Polypaecilum G. Sm., Trans. Brit. Mycol. Soc. 44: 437. 1961. [MB9503] . anamorphic synonym. = Dichotomomyces Saito ex D.B. Scott, Trans. Brit. Mycol. Soc. 55: 313. 1970 . teleomorphic synonym. PHYLOGENY, IDENTIFICATION AND NOMENCLATURE OF ASPERGILLUS www.studiesinmycology.org = Chaetosartorya Subram., Curr. Sci. 41: 761. 1972. [MB965] . teleomorphic synonym. = Edyuillia Subram., Curr. Sci. 41: 756. 1972 , fide Samson 1979 . teleomorphic synonym (= Eurotium). = Syncleistostroma Subram., Curr. Sci. 41: 756. 1972 , fide Samson 1979 , see also Malloch & Cain 1972 . teleomorphic synonym (= Petromyces). = Fennellia B.J. Wiley & E.G. Simmons, Mycologia 65: 936. 1973 . teleomorphic synonym. = Gymnoeurotium Malloch & Cain, Can. J. Bot. 50: 2619. 1973, fide Samson 1979 , Benny & Kimbrough 1980 . teleomorphic synonym (= Edyuillia = Eurotium). = Harpezomyces Malloch & Cain, Can. J. Bot. 50: 2619. 1973, fide Samson 1979 , Von Arx 1987 . teleomorphic synonym (= Chaetosartorya). = Petromyces Malloch & Cain, Can. J. Bot. 50: 2623 Bot. 50: . 1973 Sigler, et al., Med. Mycol. 48: 338. 2010. [MB513392] . anamorphic synonym.
